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Summary
Suppression of zygotic transcription in early embryonic
germline cells is tightly linked to their separation from the
somatic lineage. Many invertebrate embryos utilize localized
maternal factors that are successively inherited by the germ-
line cells for silencing the germline. Germline quiescence
has also been associated with the underphosphorylation
of Ser2 of the C-terminal domain (CTD-Ser2) of RNA poly-
merase II [1–3]. Here, using the ascidian Halocynthia roretzi,
we identified a first deuterostome example of a maternally
localized factor, posterior end mark (PEM), which globally
represses germline transcription. PEM knockdown resulted
in ectopic transcription and ectopic phosphorylation of
CTD-Ser2 in the germline. Overexpression of PEM abolished
all transcription and led to the underphosphorylation of
CTD-Ser2 in the somatic cells. PEM protein was reiteratively
detected in the nucleus of the germline cells and coimmuno-
precipitated with CDK9, a component of posterior transcrip-
tion elongation factor b (P-TEFb). These results suggest that
nonhomologous proteins, PEM and Pgc of Drosophila [3–5]
and PIE-1 of C. elegans [1, 6, 7], repress germline gene
expression through analogous functions: by keeping
CTD-Ser2 underphosphorylated through binding to the
P-TEFb complex. The present study is an interesting
example of evolutionary constraint on how a mechanism of
germline silencing can evolve in diverse animals.Results
Germline Cells of the Early Ascidian Embryo
Are Transcriptionally Quiescent
Molecular characterization of localized maternal factors that
repress germline gene expression inDrosophila andC.elegans
has enhanced our understanding of germline separation.
However, little is known about germline separation bymaternal
factors in deuterostomes, where such factors have not been
identified. Ascidians, sister group to vertebrates with a fixed
well-documented embryonic cell lineage (Figure 1A), are suited
for analysis of germline quiescence in chordates. We asked
whether the germline of ascidian embryos is transcriptionally
quiescent. At the 4- through 16-cell stages,Notwas expressed
in all cells except the germline (B3, B4.1, and B5.2; Figure 1B)
[8]. FoxAwas also detected from the 4-cell stage in the somatic
cells (A3 at the 4-; A4.1 and a4.2 at the 8-; and A5.1, A5.2, and2These authors contributed equally to this work
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*Correspondence: kumano@bio.sci.osaka-u.ac.jpB5.1 at the 16-cell stage [9]) (see Figure S1A available online).
FoxDa was previously reported to be expressed in A5.1, A5.2,
and B5.1 at the 16-cell stage [10] and SoxB1 to be detected
in A4.1 and a4.2 at the 8-cell stage and in A5.1 and A5.2 at the
16-cell stage (Figure S1A) [11]. Thus, zygotic transcription
was not detected in the germline and, in some cases, germline
sister cells (b4.2 forFoxA andSoxB1 andB5.1 forSoxB1). Simi-
larly, zygotic transcription of FoxA, Not, SoxB1, FoxDa, Clone
22, and 36was not detected in the germline of the 32-cell stage
[8–12] (Figures S1B and S1C).
We examined whether the transcriptional machinery is func-
tional in the germline. Phosphorylation of serine 2 of the
C-terminal domain (CTD-Ser2) of RNA polymerase II (RNAP
II), which is required for transcriptional elongation events,
was detected in all somatic cells but not in the germline at
the 8- and 16-cell stages by immunostaining (Figures 1C and
1D; Figure S1D). We also observed that signals were weaker
in the germline sister cells (B5.1) than in other somatic cells
(A5.1 and A5.2) at the 16-cell stage (Figure 1D). Thus, the early
germline cells of the ascidian embryo are indeed transcription-
ally quiescent.
PEM Is Required and Sufficient for the Transcriptional
Quiescence in the Germline
We asked whether posterior end mark (PEM) [13], shown to
suppress expression of FoxDa and FoxA in B5.2 [14], is
required for silencing the germline. Specific morpholino anti-
sense oligonucleotides (MOs) against PEM [15] were injected
at an amount (100 pg) that desuppresses gene expression
but does not affect unequal cell division [14]. Knockdown of
PEM function resulted in the ectopic expression of Not in the
germline from 4- to 16-cell stages (B3, B4.1, and B5.2)
(Figure 1B). Derepression of FoxA and SoxB1 transcription
was also observed in germline and germline sister cells
(Figure S1A). Conversely, overexpression of PEM by injection
of RNA encoding PEM resulted in the loss of Not, FoxA, and
SoxB1 in the somatic cells (Figure 1B; Figure S1A). Exogenous
PEM protein was observed in the nucleus of the somatic cells
(Figure S2B). Similar results were obtained with Clone 22 and
36, but not Not, FoxA, FoxDa, and SoxB1, at the 32-cell stage
(Figure S1B). Upon more severe knockdown of PEM with 300
pg injection, ectopic expression of Not but not FoxA, FoxDa,
and SoxB1 was detected in the germline (Figure S1B).
PEM was required for the underphosphorylation of
CTD-Ser2: ectopic phosphorylation was detected in the germ-
line cells of PEM knockdown embryos at the 8- and 16-cell
stages (B4.1 and B5.2) (Figures 1C and 1D). PEM overexpres-
sion, on the other hand, resulted in loss of phosphorylation in
the somatic cells (Figure 1D). Phosphorylation of serine 5 of the
CTD (CTD-Ser5) of RNAP II, associated with transcriptional
initiation steps, was detected in A5.1 and A5.2, and weakly
in B5.1 and B5.2 at the 16-cell stage (Figure S1F). This pattern
did not change with PEM MO injection (Figure S1F; Table S1).
Considering that B5.1 and B5.2 show weak H14 signals yet
B5.1 is normally transcriptionally active (Figure 1B), the weak
level of CTD-Ser5 phosphorylation could be enough to initiate
transcription. These results, summarized in Figure S1C and
Table S2, suggest that PEM is required and sufficient for the
Figure 1. Germline Cells Are Transcriptionally
Quiescent
(A) Schematic diagram of the ascidian embryo
during early embryogenesis. Vegetal view is
shown, except for the 8-cell stage, which is
a lateral view. Anterior is to the left for 1- to
8-cell stage embryos and to the top for 16- and
32-cell-stage embryos. Orientations of the
embryos are the same for all figures. The names
of the blastomeres follow the nomenclature of
Conklin [47]. Germline cells and siblings are
colored dark blue and light blue, respectively.
Germline cells are indicated by the presence of
the centrosome-attracting body (CAB), which is
shown with red lines here and in Figure S1C,
and by red signals that show PEM mRNA locali-
zation in (B) and Figures S1A and S4B.
(B) Zygotic transcription is detected in the
somatic, but not in the germline, lineage. Not
mRNA is stained dark blue or brown. PEM
mRNA is stained red for identification of germline
cells. Ectopic zygotic transcription in PEM
knockdown embryos is marked with yellow
arrowheads. Numbers at the lower right of panels
indicate the numbers of uninjected and PEM
MO-injected embryos that showed ectopic
zygotic expression and mRNA-injected embryos
that showed expression out of the number of
embryos examined. Scale bar represents 100 mm.
(C and D) Confocal Z stack fluorescence images
showing phosphorylation of Ser2 of the
C-terminal domain (CTD-Ser2) of RNA poly-
merase II. Phosphorylation of CTD-Ser2 was
detected by immunostaining with H5 monoclonal
antibody and is shown in magenta. Nuclei are
counterstained green by SYTOX dye. Shown are
8-cell-stage embryos (C) and cells in the vegetal
hemisphere of 16-cell-stage embryos (D).
Phosphorylation of CTD-Ser2 is suppressed by
PEM in the germline. Numbers at the lower right
of panels indicate the numbers of uninjected
and PEM MO-injected embryos that showed
ectopic phosphorylation (yellow arrowheads)
and mRNA-injected embryos that did not show
loss of phosphorylation in somatic cells out of
the number of embryos examined. Loss of phos-
phorylation is indicated by blue arrowheads.
Scale bar represents 100 mm.
See also Figure S1 and Tables S1 and S2.
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line through regulation of transcriptional elongation.
PEM Is Localized in the Nucleus and the Centrosome-
Attracting Body of Germline Cells
PEM was previously shown to localize at the centrosome-
attracting body (CAB), a cortical structure at the posterior
end of the embryo that is morphologically similar to germinal
granules [15, 16]. It was not understood how CAB-localized
PEM suppresses transcription in B5.2 nuclei [14]. By changing
the conditions of fixation, we detected PEM in the nucleus of
the first germline cell, the fertilized egg, and in germline cells
up to the 16-cell stage (AB, B3, B4.1, and B5.2) (Figure 2;
Figure S2A). Weak signals were also detected in germline
sister cells, b4.2 at the 8-cell stage and B5.1 at the 16-cell
stage, consistent with the lack of FoxA and SoxB1 signals in
b4.2 and SoxB1 signal in B5.1 (Figure S1A). PEM signals in
the nuclei were diminished upon injection of 100 pg PEM MO
(Figure 2), suggesting a role for the nuclear PEM in transcrip-
tional repression.The C-Terminal Region of PEM Is Required
for Transcriptional Quiescence
How does PEM suppress CTD-Ser2 phosphorylation? Five
short stretches of amino acids and WRPW, a motif involved
in the binding with the Groucho family of transcriptional
inhibitors [17], are conserved between ascidian species (Fig-
ure S3A). None of these stretches except WRPW was previ-
ously characterized in public databases. Exogenously injected
PEMmRNA (50 pg) inhibited transcription of FoxDa, but dele-
tion of aa 342–426 diminished this ability (Figures 3A and 3B;
Figure S3B). Deletion of other regions or the WRPW motif did
not diminish this ability when injected at 50 pg (Figures 3A
and 3B; Figure S3B). However, the WRPW motif may be
involved in transcriptional repression, because deletion of
the motif abolished the ability of injected PEM to inhibit FoxDa
expression when compared to full-length PEM at lower
concentration (10 pg) (Figure 3C; Figure S3B). We cannot
exclude the involvement of other regions, because deletion
of these could diminish PEM’s ability at 10 pg injection. The
region 342–426 contains a conserved short stretch of
Figure 2. PEM Is Localized to the Centrosome-
Attracting Body and the Nucleus
Confocal Z stack fluorescence images showing
the localization of PEM protein (magenta). Nuclei
are counterstained green by SYTOX dye (green).
White arrowheads indicate PEM signals in the
nucleus. Nuclear PEM signals are visible in the
germline throughout early embryogenesis. Blue
arrowheads indicate the absence of nuclear
PEM signals in PEM MO-injected embryos. The
amount of MOs injected per embryo is shown
above the panels in picograms. Numbers at the
lower right of the panels are the number of
embryos showing nuclear PEM signals out of
the total number of embryos examined. Scale
bar represents 100 mm. See also Figure S2.
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that lacks this region was still able to repress somatic FoxDa
expression when ectopically expressed (Figures 3B; Fig-
ure S3B). Together, the results presented here strongly
suggest that the region within 342–426 is crucial for transcrip-
tional repression.
Interestingly, the other function of PEM, unequal cleavage
regulation [15], was mapped to a different region, aa 258–341
(Figures S3B and S3C).PEM Binds to the P-TEFb Complex at the C-Terminal
Region
Pgc of Drosophila and PIE-1 of C. elegans repress germline
gene expression by underphosphorylating CTD-Ser2 of
RNAP II through binding to posterior transcription elongation
factor b (P-TEFb) [1, 3–7]. P-TEFb, a complex consisting of
CDK9 and cyclin T, is required for phosphorylation of CTD-
Ser2 [18, 19]. Halocynthia CDK9 mRNA was detected in the
entire region of the egg and in 4-, 8-, and 16-cell-stage
embryos (Figures S4A and S4B), suggesting that its protein
is present in the germline cells. Pull-down assays suggest
that PEM binds to CDK9: the C-terminal one-third of PEM
(PEM_1/3C) and the 342–426 region coimmunoprecipitated
with CDK9 (Figures 4A–4C), but PEM_1/3CD342–426 did not
(Figure 4A), suggesting that 342–426 is required and sufficient
for binding to CDK9. Deletion of the conserved aa 400–415 did
not abolish the binding with CDK9 (Figure 4C). Reciprocal
immunoprecipitation was also performed and confirmed the
specific interaction between these PEM constructs and
CDK9 (Figures S4C–S4E). Therefore, the region 342–426 is
likely to be required and sufficient for binding to CDK9 and
required for repressing transcription. The region 400–415 is
dispensable for these activities.Discussion
Maternally localized factor-dependent
mechanisms for germline specification
have been suggested in many bilateral
animals [20–22]. However, molecular
details have been studied in a limited
number of animals. Our results suggest
thatPEM is the first deuterostomeexam-
ple of a maternally localized factor that
represses germline gene expression via
binding to P-TEFb and suppression of
CTD-Ser2 phosphorylation, although itis not denied that PEM blocks phosphorylation at other stages
upstream of CTD-Ser2. PEM is a protein unique to ascidians
and has not been found outside ascidian species, including
Oikopleura, by sequence similarity searches. Thus, PEM likely
arose in the ascidian lineage and acquired its role. However,
PEM appears to utilize a similar mechanism as Pgc and PIE-1:
inhibition of phosphorylation of CTD-Ser2 by binding to
P-TEFb [1, 3, 6, 7, 23]. Thus, three nonhomologous proteins,
Pgc, PIE-1, and PEM, may have been independently incorpo-
rated to play analogous roles through binding to the P-TEFb
complex. Each is unique to Drosophila (no proteins similar to
Pgc were found in non-Drosophila genomes with E values
lower than 1e25 by the BLAST algorithm; data not shown),
Caenorhabditis (Figure S4F), and ascidians. Similarly, Oskar in
Drosophila and Bucky ball in zebrafish, both recently evolved,
share no conserved functional domains but recruit gene prod-
ucts of vasa and nanos to form the germ plasm [24–30]. These
observations suggest an interesting evolutionary constraint
on the mechanism of germline specification. In the future, it
will be important to determine the extent of the similarity
between the mechanisms of silencing by Pgc, PIE-1, and PEM
by investigating the mechanism of transcription inhibition by
PEM in greater detail. Does PEM keep the CTD underphos-
phorylated by inhibiting the kinase activity of P-TEFb? In
Drosophila, binding of Pgc alone does not affect the kinase
activity of P-TEFb in vitro [3]. Does PEM bind to cyclin T as
does PIE-1 [7]?Which step of CTD-Ser2 phosphorylation regu-
lation by P-TEFb does PEM regulate? Answering these ques-
tions should be the aim of future studies.
The mechanism of germline transcriptional silencing
changes during development [31]. OMA-1/OMA-2 is required
in very early stages, before PIE-1, of the C. elegans germline
[32]. Chromatin-based mechanisms have also been shown to
replace PIE-1 activity in later stages [33]. PEM protein is
Figure 3. The C-Terminal Region of PEM Is Required for
Its Transcriptional Repression Activity
(A) Repression of FoxDa expression in 32-cell-stage
embryos in which PEM with various deletions was
misexpressed by injecting 50 pg of each mRNA.
Numbers at the lower right of the panels are the number
of embryos showing gene expression out of the total
number of embryos examined. Scale bar represents
100 mm for (A) and (B).
(B) Repression of FoxDa expression in 32-cell-stage
embryos in which PEM without WRPW or the region
400–415 was misexpressed by injecting 50 pg of each
mRNA. Numbers at the lower right of the panels are
shown as in (A).
(C) Repression of FoxDa expression in 32-cell-stage
embryos in which whole PEM or PEMDWRPW was mis-
expressed by injecting 10 pg of each mRNA. Numbers
at the lower right of the panels are shown as in (A). Scale
bar represents 100 mm.
See also Figure S3.
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required for transcriptional inhibition before the 4-cell stage:
ectopic expression of Not in PEM MO-injected 2-cell-stage
embryos was detected in only limited numbers (data not
shown). Phosphorylation of CTD-Ser2 was previously de-
tected in germline cells of the 32-cell stage [12], also suggest-
ing that different mechanisms are at play in different stages.
Maternal factors may suppress transcription via multiple
mechanisms. PIE-1 suppresses CTD-Ser5 phosphorylation
independently of P-TEFb [34], and Pgc represses transcriptionFigure 4. PEM Binds to CDK9 through Its C-Terminal Region
(A–C) Western blotting with anti-tetra-His antibody is shown above. Either 6%
loaded (left lane of each panel). CDK9-His coimmunoprecipitated with the C-t
GST-PEM_1/3C (middle lane of each panel), but not when a region spanning a
A). CDK9-His coimmunoprecipitated with a partial PEM consisting of the region
with the C-terminal one-third of PEM even when a region spanning aa 400–41
indicate the amount of immobilized GST-PEM_1/3C, GST-PEM_1/3CD342–
Sepharose 4B is shown below.
(D)Western blotting with anti-tetra-His antibody is shown above. A 3% volume o
lane). The blank trx-His did not coimmunoprecipitate with the C-terminal one-t
PEM in (A)–(C) did not result from interaction between trx and the PEM C-termi
See also Figure S4.through a chromatin-based mechanism [35]. PEM was previ-
ously suggested to suppress gene expression by lowering
the level of nuclear b-catenin [14], an upstream regulator of
FoxDa and FoxA expression. However, the exclusion of
b-catenin from the nucleus by PEM knockdown could be
because b-catenin cannot remain in the nucleus when the
transcriptional machinery is inactive. The involvement of
WRPW was also suggested, but injection of a MO targeting
Halocynthia Groucho (contig 1532 in a cDNA library from
fertilized eggs [36]) or a dominant-negative version of(A) or 5% (B and C) volume of input supernatants containing CDK9-His was
erminal one-third of PEM (aa 303–458) from a cell lysate mixture containing
a 342–426 was deleted from the C-terminal one-third of PEM (right lane of
spanning aa 342–426 (right lane of B). CDK9-His also coimmunoprecipitated
5 was deleted (right lane of C). Western blotting with anti-GST antibody to
426, GST-PEM_342–426, and GST-PEM_1/3CD400–415 with glutathione
f input supernatants containing thioredoxin protein (trx-His) was loaded (left
hird of PEM (right lane), indicating that coimmunoprecipitation of CDK9 with
nal region. Western blotting with anti-GST antibody is shown at the bottom.
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in ectopic gene expression in the germline (data not shown).
So far, the extent of the involvement of Groucho is not clear.
Evolution of the mechanism of transcriptional inhibition in
the germline may be influenced by evolutionary pressure on
somatic development, because divisions of the germline cell
often produce one somatic and one germline daughter [38].
Events in the somatic daughter may restrict the evolutionary
choice of how transcription is repressed in the mother/germ-
line cell, because it should be compatible with the develop-
mental events and transcriptional regulation in the somatic
daughter. In ascidians, PEM-dependent suppression of FoxA
expression in the germline at the 16-cell stage excludes noto-
chord competence from its somatic daughters [14]. Repres-
sion of FoxA in germline cells at the 4-cell stage may also
prevent brain formation in the posterior region [39]. These
requirements for suppression of FoxA expression in the germ-
line might restrict the evolution of the mechanisms of germline
suppression to those that can suppress FoxA expression.
Similarly, pie-1 mutants in the C. elegans embryo exhibit
abnormalities of epidermis differentiation because the germ-
line lineage (P2) also contains the epidermal lineage [40].
Thus, fate determination or determination of axes within the
somatic cells may be another factor that influences or restricts
how and what kind of a newly born gene (pgc, pie-1, or PEM)
inhibits transcription in the germline.
The rapidity of development may be one of the reasons why
RNAP II is targeted for germline gene silencing. Recent studies
have indicated that high levels of RNAP II are maintained and
stalled at the 50 regions of many transcriptionally silenced
genes in yeast,Drosophila, and human [41–44]. These silenced
genes often start their expression rapidly in later stages of
development. Thus, when developmentally important genes
need to be activated immediately after separation from the
germline, RNAP II phosphorylation may be targeted. Consis-
tent with this idea, some of the ascidian genes are detected
in the germline sister cells (e.g., FoxA and Not in B5.1 at the
16-cell stage) only a few minutes after cytokinesis.
In summary, we have identified a maternal factor, PEM, that
represses germline gene expression via regulation of
CTD-Ser2 phosphorylation. Thus, maternal factors that
evolved independently in Drosophila, C. elegans, and ascid-
ians all repress germline transcription in a similar manner, an
interesting example of evolutionary constraint on the mecha-
nism of transcriptional repression. The identification of such
a factor in the deuterostome lineage enables a new compar-
ison and discussion of the molecular evolution of germline
specification among distantly related animals.
Experimental Procedures
Embryos
Adult Halocynthia roretzi were collected near the Asamushi Research
Center for Marine Biology (Aomori, Japan) and the Otsuchi International
Coastal Research Center (Iwate, Japan). Naturally spawned eggs were
fertilized with a suspension of nonself sperm. Embryos were cultured in
Millipore-filtered seawater containing 50 mg/ml streptomycin and 50 mg/ml
kanamycin at 9C–13C.
Microinjection
The sequence of PEM MO was 50-CATATTTTTCTAATGTTTTCAAGAA-30,
which covers the starting methionine codon (MO2 in [15]). As a control, we
used a five-mismatch control MO (50-CATAATTTTGTAATCTTTTGA
ACAA-30, mismatches underlined) and a universal control MO (Gene Tools).
Fertilized eggs were injected with 100 or 300 pg PEM MO. PEM and control
Venus YFP mRNAs were transcribed from pBluescriptRNT3 containing thePEM [15] and Venus YFP [10] open reading frame (ORF) with a mMessage
mMachine kit (Ambion), and poly(A) was added to the synthesized mRNA
with a Poly(A) Tailing kit (Ambion). Each synthetic mRNA was injected at 50
pg into fertilized eggs, except for PEMDWRPW, which was injected at 10 pg.
Domain-Deficient PEMs
Inverse PCR was performed using the PEM plasmid [15] as a template to
construct pBluescriptRNT3 plasmids carrying the ORFs of domain-deficient
PEMs: PEMDWRPW, PEMD11–89, PEMD90–171, PEMD172–257,
PEMD258–341, PEMD342–426, and PEMD400–415. Primers were designed
to amplify the entire template DNA including the plasmid region, with the
exception of the domain regions missing in the respective constructs.
Whole-Mount In Situ Hybridization
The following probes were synthesized to detect zygotic gene expression,
as described previously:Hr-FoxA and Hr-FoxDa [10], Hr-SoxB1 [11], Hr-Not
[8], CDK9 (FE215L98), and Clone 22 and 36 [12]. Detection of mRNA by
whole-mount in situ hybridization was performed with a modified protocol
that allowed us to detect transcription one or two stages earlier than
described previously [8, 45]. Themodifications are detailed in Supplemental
Experimental Procedures.
Immunostaining
Immunostaining of phosphorylated CTD-Ser2 and CTD-Ser5 was carried
out with mouse monoclonal antibodies H5 at 1:10,000 and H14 at 1:1,000
dilutions (Covance catalog numbers MMS-129R and MMS-134R, respec-
tively). Immunostaining of PEM was performed with polyclonal PEM
antibody [15]. Detailed protocols are described in Supplemental Experi-
mental Procedures.
Phylogenetic Analyses
Molecular phylogenetic analyses were performed with amino acid
sequences of CDK9 or PIE-1 and related proteins using the neighbor-joining
method in the MEGA software package [46]. Detailed protocols are
described in Supplemental Experimental Procedures.
Pull-Down Assay
Pull-down assay was carried out using glutathione S-transferase (GST)
fusion proteins with a C-terminal region of PEM (aa 303–458)
(GST-PEM_1/3C), that without the domain spanning aa 342–426 (GST-
PEM_1/3CD342–426), that without the region spanning aa 400–415
(GST-PEM_1/3CD400–415), and a partial region of PEM (aa 342–426)
(GST-PEM_342–426), and using His-tagged full-length CDK9 (CDK9-His).
Detailed protocols for protein expression, coimmunoprecipitation, and
detection by western blotting are described in Supplemental Experimental
Procedures.
Supplemental Information
Supplemental Information includes four figures, two tables, and Supple-
mental Experimental Procedures and can be found with this article online
at doi:10.1016/j.cub.2011.06.050.
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